1. Introduction {#s0005}
===============

Fatty liver is an emerging medical problem. This condition is often discovered at the same time during ultrasound examinations performed for other purposes. Although the possible etiological factors have been investigated, in a high proportion of cases, the cause of the disease remains unidentified. These cases, defined as "metabolic syndrome" are often related to other diseases, or to other predictive parameters (hyperglycemia, dyslipidemia, high blood pressure, and abdominal obesity) and are classified as non-alcoholic fatty liver disease (NAFLD). This condition is one of the most common benign liver disorders in modern societies, and represents the first stage of a process that may evolve into an inflammatory phase defined as non-alcoholic steatohepatitis (NASH). Subsequently, this process can lead to fibrosis, cirrhosis, and even hepatocellular carcinoma (HCC) with high rates of morbidity and mortality [@bib1]. A schematic diagram of these processes is shown in [Fig. 1](#f0005){ref-type="fig"}. Over the years, several terms have been used to describe NASH, such as pseudo-alcoholic hepatitis, alcohol-like hepatitis, fatty liver hepatitis, steatonecrosis and diabetic hepatitis. More recently, abbreviations such as BASH (both alcoholic and non-alcoholic liver disease), DASH (drug-associated steatohepatitis), CASH (chemotherapy-associated steatohepatitis), and PASH (PNPLA3-associated steatohepatitis) have been adopted to distinguish the various etiologies [@bib2]. In this review, we provide an updated overview of NAFLD/NASH and progression to cirrhosis/HCC, with a particular focus on the roles of the gut microbiota and oxidative stress, as well as the prospects for novel therapies.Fig. 1Schematic representation of progression from NAFLD/NASH to cirrhosis/HCC. The history of non-alcoholic fatty liver disease (NAFLD). This term assembles a wide spectrum of conditions ranging from dyslipidemia to steatohepatitis (NASH). Lifestyle factors, such as sedentary lifestyle and high calorie intake combined with insulin resistance and several others genetic and epigenetic factors induce the progression of NASH to cirrhosis and hepatocarcinoma (HCC) with its clinical consequences.Fig. 1

2. Worldwide incidence of NAFLD {#s0010}
===============================

The prevalence of NAFLD in the general population is approximately 6--35%, with a median incidence of 20% [@bib2], [@bib3]. Worldwide distribution, referred to a meta-analysis carried out with studies conducted between the years 2000--2015, is highly variable as shown in [Table 1](#t0005){ref-type="table"} [@bib4], [@bib5].Table 1Worldwide incidence of NAFLD. The prevalence is highly variable although the distribution in North America and Asia is similar.Table 1**Geographic locationPrevalence (%)**North America11--46South America27--35Europe4--49Asia15--44Saudi Arabia15--55Africa9--20

In the general population of Western countries, the incidence of NAFLD is 20--30%, with a prevalence of approximately 30% among adults in the United States (US) and 25% in Italy [@bib6].

Patients with NAFLD have higher overall mortality than control patients [@bib1], and most deaths are due to cardiovascular events [@bib7]. Male sex, older age, increased waist circumference, low high-density lipoprotein levels, and the presence of metabolic syndrome are the independent predictors of mortality in patients with NAFLD [@bib8]. In healthy men, increased serum alanine aminotransferase (ALT) levels, even within the reference range, are an independent predictor of NAFLD [@bib9], although this parameter is not predictive of death. A reversal of an ALT/AST (aspartate aminotransferase) ratio of more than 1 is an index of advanced fibrosis [@bib1]. Other predictors of NAFLD are insulin resistance (which can induce dyslipidemia and atherosclerosis), endothelial dysfunction, alteration of the left ventricular energy metabolism, stroke, and increased expression of inflammation mediators [@bib10]. NAFLD is present in 80--90% of obese individuals, in 30--50% of diabetics and approximately 90% of patients with hyperlipidemia [@bib6].

3. Worldwide incidence of NASH {#s0015}
==============================

Among the general population, the worldwide incidence of NASH is 5--7%, as reported in a study performed by Pereira K. et al. in 2015 [@bib11], with 30--40% having raised liver enzymes and progressing from a chronic liver disease to cirrhosis and hepatocarcinoma. Among patients with NASH, 34--50% remain stable and 18--29% improve the histological aspect of their liver, while 26--37% progress to fibrosis, with 9--25% of these patients going on to develop cirrhosis [@bib11], [@bib12]. NASH is involved in approximately 30--40% of deaths caused by liver disease. In terms of progression to HCC, 0--0.5% of patients progress from simple hepatic steatosis, 0--2.8% from NASH and 40--62% from cirrhosis [@bib11]. The risk factor of NAFLD/NASH is similar in all countries [@bib6], [@bib13]. The evolution of NASH to fibrosis/cirrhosis depends critically on the initial stage of inflammation [@bib14]. Cirrhosis is not always present and it has been reported that 41.7% of patients develop HCC without showing cirrhosis [@bib15], [@bib16]. Among patients with NASH, 20% progress to cirrhosis over a 20-year period with increased risk of liver failure or HCC resulting in transplantation or death [@bib17]. After hepatitis C virus, NASH has become the leading etiology of liver transplantation due to HCC in the US, with a four-fold increase reported over the period from 2002 to 2012 [@bib18]. However, HCC is not necessarily associated with cirrhosis, but depends on metabolic diseases (diabetes, obesity, and insulin resistance) [@bib19].

4. NAFLD/NASH: pathogenesis {#s0020}
===========================

A subset of patients with NAFLD develops NASH; however, the mechanism is poorly understood and the pathogenesis of NASH is unclear although the current scientific consensus accepts the concept of the "Multiple Hit Theory" [@bib20] ([Fig. 2](#f0010){ref-type="fig"}) rather than the "Two Hit Theory" [@bib21] ([Fig. 3](#f0015){ref-type="fig"}).Fig. 2The "Multiple Hit Theory". The "Multiple Hit Theory" that has now superseded the Two Hit Theory is based on the hypothesis that inflammation precedes steatosis in environmentally and genetically predisposed subjects. According to the "Multiple Hit Theory", numerous insults act together to induce NAFLD. Such hits include insulin resistance, hormones secreted from the adipose tissue, nutritional factors, endotoxins (lipopolysaccharide) released by the gut microbiota, oxidative stress damage, and genetic and epigenetic factors. These insults act on liver parenchymal cells via toll-like receptors to drive the progression of NASH.Fig. 2Fig. 3The "Two Hit Theory". Schematic diagram of the "Two Hit Theory". According to this now obsolete theory, fat accumulation (steatosis), increased levels of free fatty acids (FFAs), and insulin resistance represent the "first hit" in the progression of NAFLD, leading to sensitization of the hepatic tissues to further injuries caused by factors such as oxidative stress and proinflammatory adipokine release, which represent the "second hit".Fig. 3

Until recently, hepatic steatosis [@bib22] and oxidative stress [@bib23] -- the latter also caused by changes in the gut microbiota [@bib24], [@bib25] -- were seen as a first and second causes of disease progression. The "first hit" (steatosis) induces fat accumulation in hepatocytes and increased hepatic uptake of free fatty acids (FFA). This situation is optimal for the "second hit" (oxidative stress) that leads to lipid peroxidation, proinflammatory molecule release and mitochondrial damage [@bib26]. There is now a consensus on a multi-parallel hit theory [@bib27] according to which -- in many patients -- inflammation rather than steatosis represents the first cause of NASH progressing to fibrosis [@bib20], [@bib28]. Tilg et al. [@bib20] defined steatosis as a bystander phenomenon that follows inflammatory events and is determined by estimating the proportion of hepatocytes containing fat droplets [@bib1]. Treatment with anti-tumor necrosis factor (TNF)-ɑ antibody induces an improvement of hepatic steatosis in ob/ob mice, which is a model of NAFLD [@bib29]. A decreased number of Kupffer cells leads to a decrease in interleukin-10 (IL-10) release and probably, to subsequent hepatic steatosis [@bib30]. The multiple hit hypothesis considers that multiple injuries act concomitantly in individuals who are genetically predisposed to NAFLD. In recent years, increasing credence is given to the assumption that the presence of genetic polymorphism of the patatin-like phospholipase 3 (*PNPLA3*) gene in NAFLD is essential to differentiate simple steatosis from NAFLD that progresses to NASH [@bib31]. The protein encoded by this gene is a triacylglycerol lipase that mediates triacylglycerol hydrolysis in adipocytes and may be involved in the balance of energy usage/storage in adipocytes. The main pathogenic stages for NAFLD are insulin resistance [@bib32], alterations in other regulated hormone sets that regulate carbohydrate and lipid metabolism (leptin, adiponectin) and increases in the levels of certain proinflammatory adipokines, such as TNF-α and interleukin-6 (IL-6) [@bib33]. Visceral fat accumulation is the main consequence of insulin resistance that can be considered the key marker of NASH and is a significant risk factor. Adiponectin has anti-inflammatory and anti-diabetic properties [@bib34]. TNF-α and IL-6 inhibit adiponectin but increase leptin levels that inhibit the anabolic pathways and increase metabolism. Adiponectin and leptin act antagonistically on liver fibrogenesis and inflammation [@bib35], [@bib36], [@bib37]. However, reports of serum levels of adiponectin and the expression of its receptor are inconsistent; therefore, further investigations are necessary to clarify the function of these novel adipokines [@bib38], [@bib39].

5. The role of the gut microbiota {#s0025}
=================================

The gut microbiota comprises the set of microbial species (*Bacteroides*, *Eubacterium*, *Peptococcaceae*, *Bifidobacterium*, *Escherichia coli*, *Streptococci*, *Staphylococci*, *Lactobacillus*, *Clostridium perfringens*) as well as virions that inhabit the gastrointestinal tract. These organisms contribute to food digestion, produce vitamins, and modulate immunity [@bib40]. The composition and distribution of the gut microbiota strains are influenced by various factors: age, health/disease status, environmental pH of the intestinal lumen, nutrition, and probiotics [@bib41]. There is a link between microbiota and overweight, subclinical inflammation and insulin resistance ([Fig. 4](#f0020){ref-type="fig"}). Despite reduced food intake, a 60% increase in body fat content and insulin resistance has been produced by conventionalization of adult germ-free (GF) C57BL/6 mice with a normal microbiota harvested from the distal intestine of conventionally raised animals [@bib25].Fig. 4Importance of balanced gut microbiota, and consequences of gut dysbiosis. The gut bacteria may contribute to NAFLD via production of bacteria-derived toxins, e.g., LPS, production of pro-inflammatory cytokine, deposition of triglycerides in adipocytes and liver, causing insulin resistance, adiposity and diabetes.Fig. 4

The gut microbiota decreases the expression of fasting-induced adipose factor (Fiaf) [@bib42], which is a suppressor of lipoprotein lipase (LPL), a key regulator of fatty acid release from triglyceride-rich lipoproteins in muscle, heart, and fat [@bib43]. Increased cellular uptake of fatty acids and triglyceride accumulation are induced by increased adipocyte LPL activity. The gut microbiota releases pathogen-associated molecular patterns (PAMPs), which are Toll-like receptor (TLR) ligands [@bib27]. In humans, TLR2, TLR4, and TLR9 are involved in the pathogenesis of NASH [@bib44]. The gut microbiota and the derived endotoxins participate in the mechanism of insulin resistance via TRL signals, in particular through the interaction between lipopolysaccharide (LPS) and its ligand TLR4 (localized on the surfaces of monocytes, mast cells, B cells and gut epithelium) with the monocyte differentiation antigen CD14 system [@bib24], [@bib45], [@bib46]. LPS, which is produced by intestinal Gram-negative bacteria, is a complex of polysaccharides and lipids. It is an active component of endotoxin and, when it is released by these bacteria, binds to a lipopolysaccharide-binding protein (LPB), CD14, and TRL4 and migrates into intestinal vessels [@bib47]. A high-fat diet stimulates microbiota containing LPS, which is transported by chylomicrons [@bib48], [@bib49]. LPS translocation to extra-intestinal tissues is facilitated by downregulation of tight junction proteins (ZO-1 and occludin) leading to increased intestinal permeability [@bib50]. When LPS binds the LPB complex and TRL4 associates with CD14 on Kupffer cells, an intracellular inflammatory cascade is triggered [@bib51], which activates nuclear factor kappa (NF-κB) and its related pathway, inducing the production of proinflammatory cytokines, such as TNF-α, IL-1, and IL-6 [@bib52]. This pathway is stimulated in the presence of NASH, and patients with this disease exhibit upregulated TNF-α gene expression and high plasma levels of LBP [@bib53]. TLR4 can also be present on hepatic stellate cells (HSCs), which produce most of the extracellular matrix deposited by the fibrotic process associated with endotoxemia [@bib54], [@bib55]. HSCs respond to the activation of LPS through a TRL4-dependent pathway [@bib55].

6. The role of oxidative stress {#s0030}
===============================

Many recent studies have shown the importance of oxidative stress in the progression of steatosis to steatohepatitis [@bib56], [@bib57], [@bib58], [@bib59]. Neish et al. demonstrated that the interaction between the gut epithelia and some groups of enteric commensal bacteria induces rapid generation of ROS within host cells [@bib60]. Kountouras et al. hypothesized a significant possible linkage and a crucial role of *Helicobacter pylori* (*H. pylori*) in the pathophysiology of metabolic syndrome, in *H.pilory*--related extragastric diseases and neoplastic conditions. *H. pylori*, apart from classic microbiota, plays its pathogenic role by triggering a severe leukocyte infiltration of the tissue, releases a virulence factor (*H. pylori*-induced neutrophil-activating protein (NAP)) that stimulates neutrophils to produce ROS and secrete myeloperoxidase, chemokines and proinflammatory cytokines*. H.pilory* may also colonize gut itself and affect the pathogenesis of NAFLD determining a dysbiosis of gastrointestinal tract (GIT) microbiota [@bib61], [@bib62]. The intestinal microbiota produces endogenous ethanol contributing to the morphological and functional changes in the cells that constitute the intestinal barrier favoring the transit of endotoxins in the gut vessels [@bib63]. Ethanol and its derived compounds (acetaldehyde and acetate) [@bib64] induce the formation of ROS by HSC cells and Kupffer cells [@bib65]. Together with LPS, ROS promote increased TLR4 gene expression [@bib66]. Acetate is also a substrate for fatty acid synthesis; therefore, steatosis, elevated FFAs and ROS generation caused by mitochondrial dysfunction, lead to the production of inflammatory cytokines and ultimately, to liver injury [@bib23], [@bib27], [@bib32], [@bib67], [@bib68]. Hyperinsulinemia blocks the mitochondrial oxidation of fatty acids, which therefore accumulate and are then partially metabolized by the peroxisomes [@bib69] and microsomes, with the subsequent production of ROS and lipid peroxidation. The result is the formation of products, such as malondialdehyde (MDA) [@bib70], which has a longer half-life than ROS, and can spread to other regions to generate oxidative stress. These phenomena are key factors in the development of NASH. The oxidative balance is crucial [@bib71], and can collapse if the mitochondrial ability to control this balance is damaged under constant oxidative stress. Under these conditions, such as β oxidation, oxided cofactors (NAD+ and FAD) are converted into reduced cofactors (NADH and FADH2). Electrons are delivered to respiratory chain. The transfer of electrons to the mitochondrial respiratory chain (ETC) on one side and their outflow on the other, creates an imbalance that leads to an accumulation of ROS [@bib27] ([Fig. 5](#f0025){ref-type="fig"}).Fig. 5The role of oxidative stress. Elevated levels of free fatty acids (FFA), insulin resistance, and obesity are triggers for peroxisomal, mitochondrial and microsomal oxidation leading to the production of reactive oxygen species (ROS) and products such as malondialdehyde (MDA), which that has a longer half-life than ROS. These products mediate oxidation of reduced cofactors, nuclear damage, lipid peroxidation, protein denaturation, inflammation and fibrosis.Fig. 5

Normally, the superoxides (incompletely reduced forms of oxygen) are dismutated by superoxide dismutase (SOD) into hydrogen peroxide, which in turn is converted into non-toxic water by glutathione peroxidase and catalase [@bib72]. At relatively low levels of these various antioxidant repair enzymes, hydrogen peroxide, which is generated by the Fenton reaction and mediated by iron levels, can induce fatty acid oxidation [@bib73]. This leads to damage to the ETC and the mitochondrial DNA located near the inner membrane of the organelle, DNA mutations, and cellular apoptosis [@bib74]. Elevated levels of iron, an inducer of oxidative stress, are observed in NASH, although its role in this disease remains to be fully elucidated [@bib73]. Acute stress tends to upregulate mitochondrial biogenesis and function, while chronic stress tends to mediate the opposite effects. In response to multiple individual and environmental factors, mitochondria produce factors that affect cellular function, gene expression, and cellular senescence [@bib75]. Hepatocyte apoptosis and senescence contribute to the activation of the inflammasome via a variety of intra- and inter-cellular signaling mechanisms that lead to fibrosis and may mediate disease progression [@bib28]. The role of mitochondrial DNA in NASH differs from that in simple fatty liver. In fatty liver, increased mitochondrial DNA protects against inflammation and fibrosis, while these processes are exacerbated by the decreased levels associated with NASH. The transcription of PPARG Coactivator 1 Alpha (*PPARGC1A*) is the most important regulator of mitochondrial biogenesis [@bib76], [@bib77] and is involved in hepatic glucogenesis [@bib78]. Recent data show that the gut microbiota regulate the metabolism of the major intracelluar antioxidant, glutathione, in the host organism [@bib79]. Thus, lower levels of glutathione can contribute to oxidative stress [@bib80], [@bib81]. Several researchers have observed that glycine, which is necessary for glutathione synthesis, is consumed by the microbiota in the small intestine, resulting in a clear deficiency glutathione. This discovery may lead to the identification and commercialization of probiotics that replenish glycine and/or increase glutathione in the gut [@bib82].

7. NAFLD/NASH: diagnosis {#s0035}
========================

There are no biochemical parameters that allow accurate diagnosis of steatosis. NAFLD is often accompanied by moderate elevation of serum alanine aminotransferase (ALT), gamma-glutamyl transferase (γGT) [@bib83] and an ALT/AST ratio \< 1 [@bib84], as well as levels of triglycerides and cholesterol that exceed the normal range. However, a significant number of subjects may present normal parameters of the liver while suffering from advanced forms of liver disease. Liver ultrasound has a high sensitivity (89%) and specificity (93%) for the diagnosis of steatosis, but not for the diagnosis of fibrosis (sensitivity 77%, specificity 89%) [@bib84]. Moreover, while ultrasound is highly effective in determining the presence of fat in the liver parenchyma, it does not provide information regarding the likelihood of disease progression. Ultrasonography of the liver combined with serum transaminase levels is now a simple and efficient approach used to screen subjects at risk of hepatosteatosis [@bib67], [@bib85], [@bib86]. The NAFLD activity score (NAS), which is a conventional system used to grade NAFLD diagnosis, is based on three histological features: steatosis (0--3), inflammation (0--3) and hepatocyte ballooning (0--2), with an overall score in the range from 0 to 8 [@bib87]. NASH is divided into three different categories: non-NASH, borderline NASH (NAS 3--4) and definitive NASH (NAS ≥ 5) [@bib88], while fibrosis is staged on a scale from 0 to 4 [@bib87], [@bib89] ([Fig. 6](#f0030){ref-type="fig"}).Fig. 6NAFLD and NASH: diagnosis. The diagnosis of NAFLD in a patient with raised levels of alanine aminotransferase (ALT) and steatosis detected by ultrasound examination, requires histological confirmation. The NAFLD activity score (NAS) is an accepted system used to grade NAFLD diagnosis. The score is based on evaluation of three histological features: steatosis (0--3), hepatocyte ballooning (0--2) and inflammation (0--3), with an overall score in the range from 0 to 8. The diagnosis of NASH is divided into three different categories: non-NASH, borderline NASH (NAS 3--4) and definitive NASH (NAS ≥ 5). Fibrosis is staged on a scale from 0 to 4.Fig. 6

In conclusion, excluding all other causes of hepatosteatosis and in the absence of an intake of alcohol exceeding 20 g/day, a diagnosis of NAFLD/NASH can only be confirmed on the basis of liver biopsy and histological examination [@bib88], [@bib90], [@bib91], [@bib92]. It is important to stress that liver biopsy is an invasive procedure with rare, but severe, adverse events, including mortality. Transient elastography is a new, noninvasive, and economically attractive technique that measures tissue hardness, which is mainly due to the extent of fibrosis [@bib93], [@bib94]

8. Current therapies for NAFLD/NASH: unmet medical needs {#s0040}
========================================================

The first step in developing a new therapy is to establish the goals as reversal or prevention of fibrosis/cirrhosis progression, improvement or maintenance of liver function or prevention of transplantation or death. Many different pharmacotherapeutic strategies have been considered, although the impact of these therapies has not been satisfactory. Lifestyle modifications (gradual weight loss with a low-fat and glycemic diet, exercise and a constant supply of fruit and vegetables) could be effective for NAFLD patients. Some authors report an improvement in steatosis following 5% weight loss [@bib95], while others report that a mild weight loss of approximately 3% reduces steatosis, although weight loss of up to 10% is required for regression of fibrosis in NASH patients [@bib96]. The use of probiotic bacteria reduces the risk of developing an overgrowth of intestinal bacteria by decreasing the levels of low-grade inflammation. Probiotic therapy on the other hand, has been suggested to counteract the development of NAFLD on various levels. Probiotic bacteria regulate liver inflammation by balancing the production of pro- and anti-inflammatory cytokines (TNF-α by downregulation of NF-κB activity), improving liver function, and reducing the content and β oxidation of hepatic fatty acids [@bib29]. Studies of the intestinal microflora composition have shown that changes in its composition (e.g. reduced number of *Bifidobacteria*) induce an increase in plasma LPS levels with a consequent increase in proinflammatory cytokines [@bib97]. Treatment with the probiotic *Bifidobacteria* has increased insulin sensitivity and reduced fat deposition in the liver [@bib97]. A multi-species blend of probiotics (VSL\#3) ameliorates insulin resistance and steatosis induced by a high-fat-diet, by increasing the frequency of hepatic natural killer T (NKT) cells [@bib98]. These unconventional T cells express both T cell and killer cell receptors, regulate the production of pro-and anti-inflammatory cytokines [@bib99] and stimulate TNF-ɑ levels resulting in increased insulin resistance according to the previously described mechanism [@bib98].

9. Synbiotic in NASH/cirrhosis progression: what can we expect? {#s0045}
===============================================================

Synbiotics represent the combined use of probiotics and prebiotics [@bib100]. Probiotics were defined by the World Health Organization in 2001 as "live microorganisms that, when administered in adequate amounts, confer a health benefit on the host" [@bib101], [@bib102]. In contrast to probiotics, prebiotics are not living organisms and stimulate the growth of beneficial bacteria in the gastrointestinal tract. In fact, prebiotics such as high-fiber foods, are consumed by and help the endogenous gut bacteria to survive and contribute to the maintenance of the general welfare of the organism [@bib103]. Interest in this relatively inexpensive, non-pharmacological category, has grown over the years; however, is this enough to justify their use in the prevention/treatment of NASH/cirrhosis progression? The ability to modify the gut microbiota, to strengthen the intestinal barrier and to modulate the inflammatory response, according to the previously described mechanisms, is unquestioned [@bib104]; nevertheless, definitive evidence of the efficacy of microbiome modulation in NASH/cirrhosis progression remains to be obtained. If on the one hand, there are several reports of the beneficial effects of some probiotics on hepatic damage in animal models, and on the other, the use of probiotics in experimental models of cirrhosis has provided discouraging results [@bib105], [@bib106]. The following objectives should be met in the prevention and therapy of the progression to NASH/cirrhosis: 1) improved hyperdynamic circulation in cirrhosis, caused by an increased resistance to flow due to portal hypertension and to altered hepatic vascular morphology of chronic liver disease; 2) hindrance of infection and; 3) prevention of hepatic encephalopathy [@bib107], [@bib108], [@bib109], [@bib110], [@bib111], [@bib112]. The inability to evaluate the quality of trials as well as the inherent heterogeneity and variety associated with such studies are major limitations that hinder clinical trials of probiotics. Probiotics are currently considered to be food products not as drugs, and are subject different government regulations. Consequently, it is difficult to interpret the results of numerous experimental and clinical studies. Furthermore, many of these studies are carried out on a small number of patients [@bib113] and are not randomized or are associated with the use of prebiotics, which makes it difficult to assess the utility of probiotics [@bib114]. The only studies in which the rationale has major scientific validity are those conducted with the probiotic, VSL\#3 [@bib29], which is a multi-species probiotic consisting of a proprietary combination of eight strains of bacteria (*Streptococcus thermophilus, Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium infantis, Lactobacillus acidophilus, Lactobacillus plantarum, Lactobacillus paracasei, and Lactobacillus helveticus*). The combination of several bacterial species and strains can act synergistically to generate a more marked effect than a single strain. VSL\#3 was shown to decrease fibrosis in a mouse model of NASH [@bib115] and to recover liver function by lowering oxidative damage in patients with various liver diseases, including cirrhosis [@bib116]. On the other hand, in a randomized, double-blind placebo-controlled trial in patients with decompensated cirrhosis, VSL\#3 failed to achieve a significant decrease in the hepatic venous pressure gradient (HVPG) [@bib113]. However, it may have been an overambitious aim to decrease the HVPG in patients with cirrhosis and clinically significant portal hypertension by probiotic treatment alone. The use of probiotics has, therefore, recently been proposed as adjuvant therapy in addition to drugs [@bib117], [@bib118]. It is necessary to remember that although the use of probiotics was found to be safe in these studies, their long-term safety remains to be confirmed.

10. Pharmacological treatments {#s0050}
==============================

Currently approved drugs that are already in use for diabetes mellitus treatment have been considered for the treatment of NASH, since these conditions share the characteristics of obesity and insulin resistance. Among these drugs, metformin and thiazolidinediones (pioglitazone and rosiglitazone; PPAR-ɣ agonists) improve NASH both clinically and histologically [@bib119], [@bib120]. Metformin was reported to induce weight loss, while pioglitazone induced weight gain, with an increased risk of bladder cancer [@bib121]. Rosiglitazone is no longer available in the European Union and other countries due to the reported risk of cardiovascular events [@bib122]. Therefore, additional randomized controlled studies on a larger number of observed samples and for a greater period of observation are required to evaluate the long-term safety, efficacy and side-effects of these insulin-sensitizing agents. These drugs also appear to have additional antioxidant activity [@bib123]. Vitamin E, one of the best known antioxidants, protects against mitochondrial damage [@bib124] and is considered to be the first line treatment for NASH [@bib125], despite its association with an increased risk of prostate cancer and hemorrhage [@bib126]. Many authors reporting a histological improvement of liver NASH patients after bariatric surgery consider this approach to be feasible in obese patients [@bib127], [@bib128], although the data are not definitive, especially in cirrhotic patients, due to the absence of prospective randomized trials [@bib129]. Several clinical studies have been conducted to evaluate new classes of drugs that target different molecules or mechanisms of action related to NASH. A list of these molecules categorized according to drug class (metabolic homeostasis, inflammation, oxidative stress, apoptosis, and fibrosis), target, mechanism of action, and phases of clinical trials is presented in [Table 2](#t0010){ref-type="table"}.Table 2List of drugs evaluated for non-alcoholic steatohepatitis (NASH) treatment. Several new molecules that are being evaluated in ongoing clinical trials for NASH treatment. These molecules target various metabolic pathways including metabolic homeostasis, inflammation, oxidative stress, apoptosis and fibrosis. Many are in Phase 2 or 3 although, with the exception of Sitagliptin and Evogliptin, there are currently no FDA-approved therapies for this disease.Table 2**Drug classCompoundPhaseTarget//Mode-Of-Action (MOA)CompanyRefs.**Metabolic homeostasisRG-125 (AZD4076)Preclin.microRNA-103/107 (\"miR103/107\")/insulin sensitivity and resistanceRegulus[@bib130]Metabolic homeostasisSaroglitazar (ZYH1)1PPAR/PPAR α/γ agonistZydus Cadila[@bib131]Metabolic homeostasisGS-96741FXR/FXR agonistGilead Sciences[@bib132]Metabolic homeostasisPF-052310231Fibroblast Growth Factor 21 (FGF21)/FGF21 analogPfizer[@bib133]Metabolic homeostasisIVA3372PPAR/PPARɑ-δ and γ (PanPPAR)Inventiva Pharma[@bib134]Metabolic homeostasisLJN-4522FXR/FXR agonistNovartis[@bib135]Metabolic homeostasisNGM-2822Fibroblast Growth Factor 19 (FGF19)/FGF19 analogNGM Biopharmaceutic[@bib136], [@bib137]Metabolic homeostasisAramchol2Stearoyl-coenzyme A desaturase 1 (SCD1)/SCD1 inhibitorGalmed Pharmaceuticals[@bib138]Metabolic homeostasisLUM0022ASBT/ASBT inhibitorLumena[@bib139], [@bib140]Metabolic homeostasisLiraglutide (NN2211)2Glucagon-like peptide-1 (GLP-1) receptor/GLP-1 analogNovo Nordisk[@bib141]Metabolic homeostasisElafibranor (GFT505)3PPAR/PPARɑ-δ agonistGenfit[@bib142]Metabolic homeostasisRosiglitazone3PPAR//insulin sensitizerGlaxoSmithKline[@bib122]Metabolic homeostasisPioglitazone3PPAR//insulin sensitizerTakeda Pharmaceutical[@bib120]Metabolic homeostasisObeticholic acid (OCA) (INT-747)3FXR/FXR agonistIntercept[@bib143], [@bib144]InflammationCenicriviroc (CVC)2C-C chemokine receptor types 2 (CCR2) and 5/CCR2/CCR5 antagonist (CCR5)Tobira Therapeutics[@bib145]InflammationVenlafaxine-103(VLX103)2TNF/downregulation of proinflammatory cytokinesVerlix Pharma[@bib146]InflammationSitagliptinMktDipeptidyl peptidase 4/(DPP-4 inhibitor)Merck Sharp & Dohme[@bib147]InflammationEvogliptinMktDipeptidyl peptidase 4/(DPP-4 inhibitor)Dong-A ST[@bib148]Oxidative stressPXS4728A1Semicarbazide-Sensitive Amine Oxidase (SSAO)/VAP-1 inhibitorBoehringer Ingelheim[@bib149]Oxidative stressGS- 49972Apoptosis signal- regulating kinase 1 (ASK1)/ASK1 inhibitorGilead Sciences[@bib150]FibrosisSimtuzumab (GS-6624ClinicalTrials.gov Identifier: [NCT01672879](ctgov:NCT01672879){#ir0005}2Lysyl oxidase and lysyl oxidase- like (LOXL) enzymes)/lysyl oxidase and lysyl oxidase-like inhibitorGilead Sciences[@bib151]FibrosisGR-MD-022Galectin- 3 protein/Galectin-3 protein inhibitorGalectin Therapeutics[@bib152]ApoptosisEmricasan (IDN-6566)2Caspase/caspase inhibitorConatus Pharmaceuticals[@bib153]

To date, many of these new molecules are being evaluated in randomized trials (Phases 1, 2, and 3), although there are no FDA-approved therapies for this disease [@bib96], [@bib154], with the exception of Sitagliptin and Evogliptin, that are in the market (Mkt) approval phase. The presence of fibrosis is the main obstacle to the success of these agents because these drugs do not exert a reductive effect on fibrosis [@bib32], [@bib96].

11. Antioxidant treatments in clinical trials {#s0055}
=============================================

Oxidative stress is well established as a major factor contributing to progression from simple fatty liver to NASH. Ongoing clinical trials have shown improvements in several liver activities following anti-oxidative therapy, although the long-term effects remain to be clarified. One of these drugs that is currently under investigation (PXS-4728A) [@bib155] is a selective inhibitor of vascular adhesion protein-1 (VAP-1), which is an enzyme expressed constitutively in the human hepatic endothelial cells and adipocytes. It induces liver inflammation, fibrosis, and cirrhosis [@bib156] promoting leukocyte migration due to the generation of ROS such as aldehyde, ammonia and hydrogen peroxide. These products induce oxidative stress as a result of the conversion of hydrogen peroxide to hydroxyl free radicals (•OH). VAP-1 plays a significant role in the progression of NAFLD/NASH. Weston et al. [@bib156] showed an increased hepatic expression of this enzyme in human NAFLD compared with that in controls. The novel molecule PXS-4728A inhibits this enzyme and might act as an anti-inflammatory and anti-fibrotic drug in NASH by reducing oxidative stress. PXS-4728A has good oral bioavailability and nanomolar potency; however, the trial is still in Phase 1 and therefore, the efficacy profile of this molecule remains to be determined. GS-4497 is a small molecule that inhibits apoptosis signal-regulating kinase 1 (ASK1). In response to oxidative stress, this redox-sensitive mitogen-activated protein kinase kinase kinase (MAPKKK) induces activation of MAPK kinases p38 and c-Jun N-terminal kinase (JNK), which stimulate the release of inflammatory molecules, the expression of cellular matrix genes (fibrosis) and promote cellular apoptosis and necrosis. GS-4497 competes with ATP in the ASK1 catalytic domain [@bib150]. Lin et al. described an ongoing Phase 2 clinical trial evaluating the effects of this new molecule in patients with diabetic kidney disease. Gilead Sciences demonstrated an improvement in NASH patients with moderate or severe fibrosis following treatment with GS-4497 alone or in combination with the monoclonal antibody, Simtuzumab (Phase 2 trial). These results were presented during an abstract session at The 2016 Liver Meeting (Boston, MA).

Ohsawa et al. [@bib157] identified molecular hydrogen (H~2~) as a powerful antioxidant. H~2~ prevents the reduction in the mitochondrial membrane potential and promotes cellular ATP synthesis. In vitro, H~2~ scavenges hydroxyl radicals, but not superoxide, hydrogen peroxide or nitric oxide (NO). NO is essential for blood vessel dilation, and protects against endothelial cell activation, suggesting that oxidative stress is necessary for survival [@bib158]. Halliwell [@bib159] described antioxidants as "any substance that, when present at low concentrations compared to those of an oxidizable substrate, significantly delays or prevents oxidation of that substrate". Given the undisputed importance of ROS for the physiologic and pathophysiologic states of the organism, especially in the mitochondria, a basal level of ROS is essential. Most antioxidants cannot diffuse into the cytoplasm and penetrate the mitochondria, but are retained in the membranes (which is characteristic of their hydrophilic nature) and cannot overcome the biological barriers without specific carriers or receptors (this is typical of hydrophobic compounds such as vitamin E) [@bib27]. One plausible explanation for the therapeutic failure of antioxidants is that they do not accumulate preferentially in the mitochondria, which is the major site of ROS generation.

12. Effects and side-effects of current clinical trials {#s0060}
=======================================================

Peroxisome proliferator activator receptors (PPARs) are a group of nuclear receptors expressed not only in the liver, but also in other tissues (heart, kidney, and adipose tissue). This non-specific expression limits the use of PPARs in the treatment of NASH and only one, the PPARα/δ agonist, Elafibranor, has been shown to regress the state of fibrosis: this drug is currently in a Phase 3 trial (GFT505) [@bib142]. Obeticholic acid (OCA), which is a synthetic bile acid derivative that functions as an agonist of the intracellular bile acid receptor, farnesoid X receptor (FXR), is in an ongoing Phase 3 trial (([NCT02548351](ctgov:NCT02548351){#ir0010}) showing a significant improvement in fibrosis score (35% vs. 19% of controls; *P* = .004). Pruritus has been reported as a reversible side-effect of treatment with this molecule, in addition to the emergence of cardiovascular events [@bib143], [@bib144]. At present, insulin sensitizers, such as pioglitazone, which are chemically classified as thiazolidinediones (TZDs), have been shown to be useful in the treatment of NASH. In a Phase 3 PIVENS trial (pioglitazone vs. vitamin E vs placebo for treatment of non-diabetic patients with NASH), pioglitazone and vitamin E were found to improve the histology of NASH but not fibrosis [@bib125]. The use of this drug was associated with weight gain as a side-effect and increased risk of congestive heart failure. Furthermore, the continued usage of vitamin E might have a negative influence on patient mortality since the dose used in the clinical study (400--800 IU/day to 1000 IU/day) was much higher than the daily dose recommended by the FDA (22.4 IU) [@bib26]. An inappropriate use of antioxidants may also be harmful because it would lead to a complete abolition of all cellular ROS. On the other hand, ROS overproduction leads to cell damage, aging and various diseases [@bib160].

13. rMnSOD as a potential innovative antioxidant treatment for NASH {#s0065}
===================================================================

Humans are equipped with a group of antioxidant enzymes known as superoxide dismutases (SODs) that catalyze the dismutation of superoxide anion (O~2~**·**^**--**^) to hydrogen peroxide and molecular oxygen (O~2~), thereby preventing the accumulation of these activated oxygen species. Mitochondrial manganese (Mn) SOD (MnSOD-2), that is a mitochondrial enzyme, is characteristic of aerobic organisms and is composed of four homologous 24-kDa subunits. MnSOD-2, unlike cytoplasmic Copper/zinc superoxide dismutase (Cu/ZnSOD) and extracellular Cu/ZnSOD (ecSOD) [@bib161], [@bib162], [@bib163], is synthesized in the cytoplasm and then transported to the mitochondrial matrix via its leader sequence, consisting of 24 amino acids. This peptide is subsequently cleaved, resulting in a mature and enzymatically active protein that plays a pivotal role within the cell [@bib164]. Despite our knowledge of superoxides, clinical application of therapies based on superoxide-scavenging mechanisms, whether in the form of SOD as a drug, as SOD-mimetics, or as stoichiometric scavengers of the radical, is still far from being widespread. The use of SODs as drugs was met with several technical difficulties related to the chemical nature of these enzymes. Like any other enzyme used as a drug, SODs have a charge density and are characterized by a rapid renal clearance that negatively affects pharmacodynamics and pharmacokinetics. Fibrosis is a frequent consequence of bladder irradiation and clinical trials of SODs for treatment of bladder inflammation resulting from irradiation leading to fibrosis have been conducted. These are preliminary results that need to be confirmed. They propose to use SOD, not only before radiation treatment, as a protecting agent, but also after exposure, as therapeutic treatment for radiation damage [@bib165], [@bib166]. Furthermore, promising results have emerged from a study of SODs in kidney transplant patients [@bib167]. It is noteworthy that the protective effects of MnSOD has already been widely documented [@bib168], [@bib169], [@bib170], [@bib171], although most of these studies were performed using the bovine protein. While SOD was found to protect organisms under ischemic conditions, the effects were less than satisfactory because of the bovine origin of the protein administered. Also, the protein was not considered injectable, as biological barriers resulted in its rapid inactivation. The same phenomenon was also observed following administration of constructs expressing human MnSOD genes bound to viral probes [@bib172]. Only a few major pharmaceutical companies are reported to be conducting R&D (research and development) projects addressing oxidative stress using SOD-like drugs [@bib173]. However, none of the commercially available SODs are able to enter cells. Moreover, these SODs are inactivated or excreted by the kidney [@bib172].

Recently, a new isoform of human MnSOD was isolated and obtained in a synthetic recombinant form, designated rMnSOD. This isoform is distinguished by its ability to enter cells, its strong antioxidant and antitumor activities and its easy administration by injection [@bib174], [@bib175]. rMnSOD appears to be a very effective scavenger of both intra- and extracellular O~2~**·**^**--**^ and improves pathological conditions associated with increased oxidative stress [@bib161], [@bib176]. Furthermore, rMnSOD shows good biodistribution in vivo, particularly in the liver [@bib177], indicating the great potential of this molecule for correcting hepatic oxidative stress. Elevated oxidative stress in the cirrhotic liver is one of the mechanisms responsible for both liver fibrosis and reduced NO availability [@bib178]. The authors demonstrated that chronic rMnSOD administration to cirrhotic animals decreases hepatic oxidative stress, improves intrahepatic vascular resistance, and decreases portal pressure mainly by ameliorating liver fibrosis. They showed a significant reduction in the hepatic oxidative stress generated experimentally through activation of the NADPH-oxidase system, confirming its biodistribution in the liver and the preservation of enzymatic activity. More significantly, a decrease in the elevated levels of O~2~**·**^**--**^ and improved NO availability were observed. Based on these data, it can be speculated that rMnSOD might represent a novel therapeutic strategy for liver disease in which oxidative stress is a pathogenic factor. This study suggests that rMnSOD might be a useful agent in the treatment of patients with liver cirrhosis, which is a pathological condition that is also present in NASH [@bib178]. Hide et al. [@bib179] used primary cultured liver sinusoidal endothelial cells, liver grafts from healthy and steatotic rats, and human liver samples, to characterize the effects of rMnSOD on cold storage and warm reperfusion (CS + WR) injury incurred during liver transplantation that is partly mediated by oxidative stress and may lead to graft dysfunction. This novel form of the human manganese superoxide dismutase protects rat and human livers against ischemia and reperfusion injury by ameliorating oxidative stress, leading to global reduction in liver damage and microcirculatory derangements. The antioxidant capability of rMnSOD added to the cold storage solution was maintained and protected rat and human liver tissues against the damage caused by oxidative stress. Another "Achilles' heel" associated with antioxidant therapies is the lack of cellular selectivity. Previously, Mancini et al. showed that rMnSOD displays a specific and selective cytotoxic activity against tumor cells expressing the estrogen receptor (ER) [@bib180] and enters cells using its 24-amino acid (aa) leader peptide, which represents the rMnSOD molecular carrier [@bib181]. Recently, Borrelli et al. demonstrated that six of the 24 amino acids penetrate cells through a particular "gate" represented by a specific amino acid sequence of the estrogen receptor (ER) [@bib161]. These characteristics may provide an opportunity to formulate new drugs with specific and selective effects for use in therapy. ERs are present in the human liver, rendering this organ sensitive to estrogen, which binds to these receptors with high affinity to exert saturable and specific effects at low concentrations [@bib182]. ER levels in males with chronic liver disease and patients with primary hepatic carcinoma (PHC) are twice the levels of normal males. Normal females have basal values that are approximately three times higher than those of control males [@bib183]. Furthermore, variant estrogen receptors (ERs) were found to be expressed in at higher levels in male patients with chronic liver disease. Recently, several pieces of evidence have linked estrogenic signaling with metabolic syndrome (MS) and liver disease [@bib184]. The beneficial effects of estrogen in counteracting some of the symptoms of MS are undeniable, though the underlying mechanisms remain largely unknown [@bib185]. Cell penetration is an essential prerequisite for therapies [@bib161] and poor permeability and selectivity of the cell membrane is an important obstacle to the development of drugs and therapeutic molecules [@bib172], [@bib186] because of the endothelium, which is the first physiological barrier between the blood and tissues. To deliver full-length molecules into a large number of cells, researchers are designing new nanotech strategies [@bib187] based on the delivery of drugs via nanoparticles. These include adenoviral vectors to improve gene transfer into injured tissues, lipid-based nanostructures, micelles from amphiphilic block copolyphosphates, antibody-drug conjugates, and biodegradable polyester or polyethyleneimine nanoparticles approved for human use, as well as graphene oxide-based noncovalent nano supramolecular complexes [@bib188], [@bib189], [@bib190], [@bib191], [@bib192], [@bib193], [@bib194]. Recently, we have used confocal microscopy analysis to obtain data (unpublished) demonstrating that rMnSOD penetrates biological barriers and localizes in mitochondria.

In conclusion, it has been confirmed that rMnSOD is: 1) a powerful antioxidant capable of dismutating ROS; 2) capable of penetrating biological barriers through its uncleaved leader peptide, and more specifically, through six of the 24 amino acids that constitute it and that are also responsible for its tranlocation into mitochondria; and 3) capable of reducing cirrhosis and portal hypertension in the liver. Thus, these distinguishing features implicate rMnSOD as a novel and highly effective adjuvant therapy that can significantly counteract the progression from NASH to hepatocarcinoma in the liver in rodent models.

14. Conclusions {#s0070}
===============

As one of the major causes of liver disease worldwide, NAFLD can lead to fibrosis, cirrhosis, and even HCC. The current consensus on the mechanism underlying the pathogenesis of this heterogeneous disease is based on a multi-parallel hit theory according to which inflammation represents the first cause of NASH progressing to fibrosis. The gut microbiota or its products are thought to play a fundamental role in the etiology and progression of NASH. Several lines of evidence suggest that lipopolysaccharides are a prominent mediator of the both the metabolic and proinflammatory effects of the gut microbiota. Changes in lifestyle and the use of synbiotics (probiotics and prebiotics) have been evaluated for their effects on the progression of NASH, although no randomized studies have been conducted to date. The benefits of insulin sensitizers, such as TZDs, in the treatment of NASH have been demonstrated in a Phase 3 PIVENS trial in which pioglitazone and vitamin E were found to improve NASH histology, but not fibrosis. However, the application of this regimen was limited by the side-effects of weight gain and increased risk of congestive heart failure. Ongoing clinical trials of molecules that target different pathways, such as metabolic homeostasis, inflammation, oxidative stress and fibrosis, have shown improvements in several liver activities, although the long-term effects remain to be determined. Several lines of evidence have confirmed that oxidative stress is a major factor contributing to the progression from simple fatty liver to NASH. Based on previously reported studies, we propose to investigate a mutated form of the rMnSOD enzyme as a powerful antioxidant that is capable of reducing cirrhosis and portal hypertension in the liver, for its potential in the treatment of NASH.
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